Lymphocytes are generated in primary lymphoid organs, such as the bone marrow and thymus, and migrate to the lymph nodes, Peyer's patches, and spleen, known as secondary lymphoid organs, where the immune responses occur. Lymphocytes that migrate to the lymph nodes and Peyer's patches emigrate through the efferent lymph, unless they encounter their cognate antigens. Lymphocytes that emigrate through the lymph return to the bloodstream through the thoracic duct, through which lymph fluid drains into the blood. Lymphocytes that return to the blood migrate again into the secondary lymphoid organs. This circulatory process is called lymphocyte recirculation or lymphocyte homing. Antigens that enter the body from peripheral tissues such as the skin accumulate in the lymph nodes. Antigens in the blood are collected in the spleen. Those in food are taken up by M cells residing in the mucosal intestinal epithelial barrier and accumulate in the Peyer's patches. Thus, the secondary lymphoid organs are the sites where foreign antigens accumulate and immune responses primarily occur. The homing of lymphocytes into secondary lymphoid organs through the blood and lymph circulation raises the likelihood that lymphocytes will encounter antigens. In other words, lymphocyte homing is important for the immune system to recognize foreign antigens efficiently.
LYMPHOCYTE HOMING
Lymphocytes are generated in primary lymphoid organs, such as the bone marrow and thymus, and migrate to the lymph nodes, Peyer's patches, and spleen, known as secondary lymphoid organs, where the immune responses occur. Lymphocytes that migrate to the lymph nodes and Peyer's patches emigrate through the efferent lymph, unless they encounter their cognate antigens. Lymphocytes that emigrate through the lymph return to the bloodstream through the thoracic duct, through which lymph fluid drains into the blood. Lymphocytes that return to the blood migrate again into the secondary lymphoid organs. This circulatory process is called lymphocyte recirculation or lymphocyte homing. Antigens that enter the body from peripheral tissues such as the skin accumulate in the lymph nodes. Antigens in the blood are collected in the spleen. Those in food are taken up by M cells residing in the mucosal intestinal epithelial barrier and accumulate in the Peyer's patches. Thus, the secondary lymphoid organs are the sites where foreign antigens accumulate and immune responses primarily occur. The homing of lymphocytes into secondary lymphoid organs through the blood and lymph circulation raises the likelihood that lymphocytes will encounter antigens. In other words, lymphocyte homing is important for the immune system to recognize foreign antigens efficiently.
Lymphocytes migrate into the parenchyma of lymph nodes through specialized blood vessels called high endothelial venules (HEV) . HEV have a characteristic cuboidal morphology and a prominent Golgi complex where unique sulfated glycans are synthesized, as discussed later. Lymphocyte migration is achieved by a series of interactions between lymphocytes and HEV 1) ( Fig. 1 ): (i) the rolling of lymphocytes, which is mediated by L-selectin on the lymphocytes and sulfated glycans on the HEV; (ii) activation of the lymphocytes by chemokines presented on the surface of the HEV by heparan sulfate, a glycosaminoglycan; (iii) firm attachment of the lymphocytes through the interaction between b2 integrins on the lymphocytes and intercellular adhesion molecule-1 (ICAM-1) or vascular cell adhesion molecule-1 (VCAM-1) on the HEV; and (iv) transmigration.
HOMING RECEPTOR L-SELECTIN
The homing receptor L-selectin (LECAM-1, CD62L, LAM-1) was first identified as an antigen recognized by the monoclonal antibody (mAb) MEL-14, which blocks the binding of lymphocytes to HEV in vitro and in vivo. L-selectin is an adhesion molecule that recognizes carbohydrates through a lectin-like domain in its N-terminus, through which it mediates the initial tethering and rolling of lymphocytes on the surface of HEV. L-selectin is localized to the tips of microvilli, 2) which is advantageous for the initial tethering to HEV-borne carbohydrate ligands. To date, several kinds of glycoprotein ligands for L-selectin have been identified (see below).
L-selectin is expressed not only on lymphocytes, but also on other types of leukocytes, such as neutrophils and monocytes. L-selectin is involved in the infiltration of these leukocyte subsets into sites of inflammation, which can be inhibited by an anti-L-selectin mAb or by low-molecular-size compounds that block L-selectin's carbohydrate-binding activity. This role of L-selectin has been verified by studies using L-selectin-deficient mice, which show not only an almost complete lack of lymphocyte trafficking to the peripheral lymph nodes, but also a significant reduction of leukocyte infiltration into inflammatory sites. 3) LIGANDS FOR L-SELECTIN Studies of the carbohydrate-based ligands for L-selectin that are expressed on the lymph node HEV have identified various sialomucins, such as GlyCAM-1, 4) CD34, 5) podocalyxin-like protein, 6) Sgp200, 7) and nepmucin. 8) The binding of these glycoprotein ligands to L-selectin is dependent on their decoration with a specific carbohydrate structure known as 6-sulfo sialyl Lewis X (Sialic acida2-3Galb1-4[Fuca1-3(sulfo-6)]GlcNAcb1-R), which contains sialic acid, fucose, and sulfate (Fig. 2) . The 6-sulfo sialyl Lewis X structure is present in either the core 2 or extended core 1 branch, or both, of the L-selectin ligand O-glycans.
9) The same study revealed that the MECA-79 antibody, which is widely used to detect HEV in lymph nodes or HEV-like vessels at the sites of chronic inflammation, 10) recognizes O-glycans containing 6-sulfo N-acetylglucosamine in the extended core 1 structure.
Earlier studies by Dr. Rosen's group showed that sialic acid is critical for the interaction of HEV ligands with lymphocytes.
11) Studies using gene-targeted mice deficient in fucosyltransferase IV and VII revealed that the fucosylation of HEV ligands is also critical for their interaction with L-selectin. 12) In vitro biochemical studies showed that the sulfation of L-selectin ligands is also important for their interaction with L-selectin, since GlyCAM-1 synthesized in the presence of sodium chlorate, which inhibits biosynthesis of the high-energy donor of sulfate, 3Ј-phosphoadenosine 5Ј-phosphosulfate (PAPS), did not interact with L-selectin. 13) 
ROLES OF L-SELECTIN LIGAND SULFATION IN VIVO
To determine the sulfation requirement of the L-selectin ligands in vivo, mice deficient in the HEV-restricted sulfotransferase, N-acetylglucosamine-6-O-sulfotransferase-2 (GlcNAc6ST-2, HEC-GlcNAc6ST/LSST), 14, 15) were generated. In the GlcNAc6ST-2 knockout mice, binding of the MECA-79 antibody to lymph node HEV was almost abolished, except for binding observed in the abluminal lining of the HEV, suggesting that GlcNAc-6-O-sulfation in the extended core 1 branch is mediated mainly by GlcNAc6ST-2.
In mice, four members of the GlcNAc-6-O-sulfotransferase family have been reported (Table 1) . One of these, GlcNAc6ST-1, is widely expressed in various tissues, including lymph node HEV. Our group 16) and others 17) therefore crossbred GlcNAc6ST-2-deficient mice with GlcNAc6ST-1-deficient mice to determine whether GlcNAc6ST-1 and GlcNAc6ST-2 had complementary roles in L-selectin ligand biosynthesis. Immunofluorescence studies revealed that the binding of the MECA-79 antibody to the lymph node HEV of the double-deficient mice was completely abrogated, indicating that GlcNAc-6-O-sulfation in the extended core 1 branch of O-glycans in HEV was absent in the double-deficient mice (Fig. 3 ). While GlcNAc6ST-1 and GlcNAc6ST-2 single-deficient mice showed an approximately 20% and 50% reduction in lymphocyte homing, respectively, GlcNAc6ST-1 and GlcNAc6ST-2 double-deficient mice showed an approximately 75% reduction in lymphocyte homing. 16, 17) The contact hypersensitivity (CHS) responses were also significantly diminished in the double-deficient mice, due to a reduction in lymphocyte trafficking to the draining lymph nodes. 16) These results demonstrate the essential role of GlcNAc6ST-1 and GlcNAc6ST-2 in L-selectin ligand biosynthe- Lymphocytes initiate the interaction with HEV by L-selectin binding to its ligand, followed by chemokine-induced activation, integrin-mediated adhesion and transmigration. Sulfated glycans function in the first and second steps of these sequential adhesive interactions.
Fig. 2. Biosynthesis of the L-Selectin Ligand O-Glycans
Core 2 branched O-glycan (left), extended core 1 structure (right), and biantennary O-glycan containing both core 2 branch and extended core 1 structures (middle) modified with 6-sulfo sialyl Lewis X (outlined in gray) are synthesized in HEV by the sequential addition of monosaccharides and sulfate. The extended core 1 structure modified with GlcNAc-6-O-sulfate (shown in yellow) is recognized by the MECA-79 antibody. Core2GlcNAcT, Core2b1,6-N-acetylglucosaminyltransferase; Core1-b3GlcN-AcT, Core1 extension b1,3-N-acetylglucosaminyltransferase, GlcNAc6ST-1, -2, Nacetylglucosamine-6-O-sulfotransferase-1, -2; b4GalT, b1,4-galactosyltransferase; ST3Gal, a2,3-sialyltransferase; FucT-VII, fucosyltransferase-VII. sis in HEV and their importance in immune surveillance.
We then carried out a detailed carbohydrate structural analysis of GlyCAM-1.
16) Lymph nodes from wild-type and knockout mice were radiolabeled with [ 3 H]-galactose in organ culture, and then the O-glycans on GlyCAM-1 were released and subjected to structural analysis. As shown in Fig. 4 , the 6-sulfo sialyl Lewis X structure was almost completely abrogated, whereas unsulfated sialyl Lewis X was overexpressed in the double-deficient mice.
To determine which sulfotransferases are involved in the biosynthesis of sulfated O-glycans in HEV, we performed RT-PCR analysis using total RNA from the peripheral lymph node (PLN) HEV cells of wild-type mice, prepared by MACS (magnetic activated cell sorter) using the MECA-79 antibody. In addition to GlcNAc6ST-1 and -2, GlcNAc6ST-4 was detected, whereas GlcNAc6ST-3 expression was not detectable in the HEV preparation. All these mouse GlcNAc6STs efficiently transferred sulfate to core 2 branched O-glycans. Only GlcNAc6ST-2 and -3 efficiently transferred sulfate to extended core 1 O-glycans, which resulted in the generation of a large amount of MECA-79 epitope (Fig. 5) . GlcNAc6ST-4 did not synthesize detectable amounts of MECA-79 epitope, consistent with the finding that the MECA-79 epitope was abrogated in the GlcNAc6ST-1 and -2 double-deficient mice. The small amount of core 2 branched O-glycans containing GlcNAc-6-O-sulfate identified in the GlcNAc6ST-1 and -2 double-deficient mice was probably synthesized by GlcNAc6ST-4.
Although both GlcNAc6ST-1 and GlcNAc6ST-2 are involved in the GlcNAc-6-O-sulfation of L-selectin ligands, GlcNAc6ST-2 appears to be the major GlcNAc-6-O-sulfotransferase in PLN and mesenteric lymph nodes (MLN), because the production of 6-sulfo sialyl Lewis X-containing Oglycans was more diminished in the GlcNAc6ST-2-deficient In humans, I-GlcNAc6ST (GlcNAc6ST-3, GST-4 CHST-5, and GST-4a) and C (Corneal)-GlcNAc6ST (GlcNAc6ST-5, CHST-6, and GST-4b) are present because of gene duplication.
55)
GlcNAc6ST-4 C6ST (chondroitin 6-sulfotransferase)-2 AF280089 Various tissues GlcNAc6ST-4 transfers sulfate to CHST-7 including HEV 16) recombinant GlyCAM-1-IgG. 56) In vivo GST-5 function of GlcNAc6ST-4 is unknown. mice than in the GlcNAc6ST-1-deficient mice (Fig. 4) . In contrast, GlcNAc6ST-1 appears to be the major GlcNAc-6-O-sulfotransferase in Peyer's patches (PP), since the MECA-79 antibody staining in PP was abrogated in the absence of GlcNAc6ST-1.
18) ROLES OF CHEMOKINES IN LYMPHOCYTE HOMING
As described above, lymphocytes migrate to the parenchyma of lymph nodes through a multi-step process that mediates sequential adhesive interactions with HEV (Fig. 1) . In these interactions, chemokines are important for the activation of the lymphocytes, resulting in integrin activation and the subsequent firm attachment of lymphocytes to HEV. Only lymphocytes but not the other leukocyte subsets can transmigrate across the HEV, and the reason for this is becoming clear. Warnock et al. showed by intravital microscopic observations that both lymphocytes and granulocytes can roll on the surface of HEV, whereas only lymphocytes can firmly attach to the HEV surface.
19) The firm attachment was mainly mediated by b2 integrin and was blocked by pertussis toxin, which inhibits chemokine signaling by catalyzing ADP-ribosylation of the Gi subunit of seven-transmembrane chemokine receptors. Thus, lymphocyte-specific transmigration across the HEV is most likely due to chemokine signals transmitted specifically to lymphocytes on the surface of the HEV. Secondary lymphoid-tissue chemokine (SLC), which is expressed abundantly on HEV, is known to activate the b2 integrin on naive lymphocytes. 20) Since the receptor for SLC, CCR7, is specifically expressed on lymphocytes but not on other leukocyte subsets, it is likely that SLC mediates, at least in part, the lymphocyte-specific trafficking to lymph nodes. Consistent with this idea, mutant mice that are defective in T lymphocyte homing to lymph nodes, called "paucity of lymph node T cells" (plt) mice, are deficient in secondary lymphoid organ-specific SLC gene and in another gene, which encodes EBI1-ligand chemokine (ELC), a chemokine that transmits signals through CCR7. 21, 22) In addition, lymphocyte homing and secondary lymphoid organ development are greatly diminished in CCR7-deficient mice. 23) 
PRESENTATION OF CHEMOKINES BY GLYCO-SAMINOGLYCANS
Chemokines are soluble basic proteins with molecular sizes ranging from 8 to 12 kDa. The sequestration and presentation of chemokines by glycosaminoglycans, sulfated glycans attached to proteoglycans, appear to be important for preventing the rapid removal of chemokines from the surface of HEV by the blood flow. Sulfated glycans are thus very likely to be involved not only in the L-selectin-mediated rolling but also in the chemokine-mediated activation in the series of interactions between lymphocytes and HEV.
Glycosaminoglycans that are known to interact with chemokines are shown in Fig. 6 . Heparan sulfate proteoglycans (HSPG), which are modified with heparan sulfate (HS) glycosaminoglycans, are present in the extracellular matrix and on the surface of cells, and are known to interact with various growth factors. 24) For example, basic fibroblast growth factor (bFGF) is sequestered by HSPG, which is a low-affinity receptor, and then passed to the high-affinity FGF receptor, which transmits intracellular signals. In an analogy to this, HSPG appear to be involved in chemokine immobilization and presentation to the receptor. It is reported that MIP-1b sequestered on CD44 modified with HS or heparin-bovine serum albumin (BSA) efficiently activates the VLA-4 integrin of CD8 ϩ T cells, and promotes their firm attachment to VCAM-1. 25) HSPG expressed on endothelial cells derived from the synovium of rheumatoid arthritis patients present MIP-1b to lymphocytes, leading to their integrin activation. 26) In addition, a study using extracellular matrices from bovine endothelial cells showed that, when bound to HSPG, the chemokines RANTES and MIP-1b efficiently enhanced the attachment of CD4 ϩ T cells to the ECM. tion of their integrins. 28) Our group also reported that collagen XVIII expressed in the kidney is modified with HS and efficiently presents the chemokine MCP-1 to monocytes, thereby enhancing their VLA-4 integrin activation. 29) Recently, Esko's group reported that endothelial cell-specific gene inactivation of N-deacetylase-N-sulfotransferase-1 (NDST-1), which is involved in the N-deacetylation and Nsulfation of HS in its biosynthetic pathway, resulted in a significant reduction in chemokine-mediated neutrophil trafficking to sites of inflammation. 30) Although they did not provide any data on the roles of HS in chemokine presentation on HEV, it is likely that HS also at least partly plays this role in vivo.
Proteoglycans modified with chondroitin sulfate (CS) chains are called chondroitinsulfate proteoglycans (CSPG), and are reported to interact with chemokines. The chemokine RANTES interacts with CSPG on the cell surface of macrophages.
31) RANTES also interacts with an artificial CSPG composed of lymphocyte function-associated antigen-3 (LFA-3) fused with the CS-attachment domain of CD44. 32) Our group showed that the chemokine SLC interacts with oversulfated CS with relatively high affinity (K d 85.8 nM), and that the minimum carbohydrate structure that interacts with SLC is a tetrasaccharide composed of a repeated disaccharide unit (GlcAb1/IdoAa1-3GalNAc[4,6-O-disulfate]). 33) We also showed, using a cell line expressing CCR7, that an oversulfated CS, CS E, interacts with the C-terminal region of SLC and inhibits SLC-induced Ca 2ϩ influx (Fig. 7) . 33, 34) In addition, we found that CS B has inhibitory effects on the SLC-induced Ca 2ϩ influx. 35) On the other hand, HS interacts with chemokines, but presents them positively to lymphocytes, leading to chemokine-induced lymphocyte activation. Thus, CS B and CS E appear to function as negative regulators of chemokine signals, whereas HS functions to stimulate chemokine signals (Fig. 8) . This might be of physiological importance in the regulation of chemokine activity in vivo.
TRAFFICKING OF ACTIVATED LYMPHOCYTES
As described above, naive lymphocytes continuously home to lymph nodes until they encounter their cognate antigens. Once they encounter the antigens, they are activated and show a different expression pattern of adhesion molecules, resulting in different homing patterns compared with naive lymphocytes. Activated lymphocytes lose their expression of L-selectin, and some express cutaneous lymphocyte antigen (CLA), which is reactive with the HECA-452 mAb. These HECA-452-reactive activated lymphocytes specifically home to inflammatory sites where antigens enter, which is consistent with the expression of E-selectin on the activated endothelial cells in inflamed tissue . Molecular characterization revealed that CLA is a P-selectin glycoprotein-1 (PSGL-1) modified with the sialyl Lewis X structure. 36) In agreement with this finding, interleukin-12, which activates naive T cells and stimulates the generation of Th1 cells, induces the expression of fucosyltransferase VII, a key glycosyltransferase involved in sialyl Lewis X biosynthesis. 37) A subpopulation of activated lymphocytes expresses the active forms of CD44 and the b1 integrin, VLA-4. Similar to selectins, CD44 is a carbohydrate-binding protein. In contrast to L-selectin, however, CD44 is expressed on naive lymphocytes as an inactive form lacking ligand-binding activity, and is converted to an active form with ligand-binding activity after lymphocyte activation. The mechanisms for CD44 activation are still controversial. Reports have indicated that (i) CD44 is negatively regulated by the addition of sialic acid on CD44, 38) (ii) association with the cytoskeleton is critical for CD44's ligand-binding activity, 39) and (iii) sulfation of CD44 enhances its ligand-binding activity. 40) In addition to a wellknown ligand, hyaluronic acid (HA), 41) we found that the CSPG proteoglycans versican 42, 43) and aggrecan 44) also function as ligands for CD44. It is also reported that CSPG serglycin functions as a CD44 ligand. 45) In vitro rolling assays revealed that CD44-HA 46) and CD44-CS 47) interactions mediate lymphocyte rolling. Therefore, CD44 may function as a rolling receptor in the process by which L-selectin Ϫ /active CD44 ϩ lymphocytes infiltrate the sites of inflammation by interacting with these ligands.
FUTURE PERSPECTIVE
HEV-like vessels that react with the MECA-79 antibody are induced in various chronic inflammatory sites. 48) However, the physiological role of the MECA-79 epitope expressed in these specialized blood vessels is unclear, except for the demonstration that MECA-79 has a significant therapeutic effect in a sheep model of asthma. 49) GlcNAc6ST-1 and -2 double-deficient mice, which completely lack the MECA-79 epitope, will be useful for assessing the function of this sulfated glycan at sites of chronic inflammation, such as the pancreas and salivary glands of NOD mice, 50, 51) the hyperplastic thymus of AKR mice, 52) the inflamed joints of rheumatoid arthritis, 53) and Helicobacter pylori-induced inflammation. 54) Our studies using GlcNAc6ST-1 and -2 double-deficient mice have shown a link between carbohydrate structural changes and the alteration of lymphocyte trafficking under physiological conditions. Since carbohydrates have recently been implicated in immunologic function in a number of studies, I believe that studies showing links between carbohydrate structure and function will become increasingly important in this field.
Our group has shown that CS B and CS E inhibit chemokine signals. [33] [34] [35] We also showed that these glycosaminoglycans inhibit the binding of L-selectin to its ligands. 33, 43) Therefore, these glycosaminoglycans might be useful for inhibiting both the selectin-mediated rolling interaction and the chemokine-induced signals in the process of lymphocyte homing as well as leukocyte infiltration to the sites of inflammation, which may be of clinical importance for suppressing autoimmune as well as inflammatory reactions.
